Introduction
grind distillation process, generated mainly from beverage alcohol plants (e.g. whisky 31
and neutral spirits distilleries) or from grain-based fuel-ethanol plants. In the case of 32 distilleries, single or blended grains including wheat, barley, maize and rye can be 33 utilised as feedstock, whereas fuel-ethanol plants use either corn (maize) (US) or 34 wheat (Europe) as starting materials. 35
During the dry-grind process, in the case of bioethanol production, whole grains are 36 milled and liquefied, followed by the addition of amylolytic enzymes for starch 37 conversion into fermentable glucose. In distillery plants, saccharification of the milled 38 grain is carried out using malted barley instead of external enzymes and a food-grade 39 process is followed, as the end-product (potable ethanol) is intended for human 40 consumption. For both bioethanol and potable ethanol production, yeast is added to 41 ferment the sugars into ethanol and carbon dioxide. At the end of the fermentation, the 42 whole stillage undergoes distillation by direct steam injection. Ethanol is further 43 purified via dehydration, whereas the non-volatile components (spent solids) are 44 centrifuged to produce a liquid fraction (thin stillage) and a solid fraction (wet solids). 45
Around 15% or more of the thin stillage is recycled to the liquefaction process of the 46 ground grain, whereas the remaining is concentrated in a series of steam driven 47 evaporators, mixed with wet solids and drum dried to produce the final DDGS (Kim 48 et al. 2008; Liu, 2011) . The drying process applied at the last stage is intensive, as the 49 air temperature can be over 500 °C at the dryer inlet and over 100 °C at the dryer 50 outlet. Partial recycling of DDGS to the drum dryer can also occur in order to increase 51 the drying efficiency of the equipment and improve the consistency of the produced 52 Alkaline conditions were also investigated for the extraction of the proteins in DDGS, 174 wet and spent solid samples. These were incorporated in the second stage of the 2-step 175 extraction process described in 2.4.1, in which aqueous ethanol (45 or 70%, v/v) was 176 mixed with 0.05 or 0.1 M of NaOH (Fluka, UK) and 1.0% (w/v) sodium 177 metabisulfite, in a solid-to-liquid ratio of 1:10. This extraction step was carried out 178 twice at 70 °C for 30 min and the supernatants were collected following 179 centrifugation (10,000×g, for 10 min at 25°C). Extracted proteins were then 180 precipitated with 2 M HCl at pH 5.5 and collected by centrifugation (15,000×g, for 20 181 min at 10°C), washed with distilled water, lyophilized (VirTis Bench Top, USA) and 182 stored at -20 °C. For both aqueous-ethanol and alkaline-ethanol extractions, the 183 protein contents of the dried extracted samples were determined by Kjeldahl analysis. 184
The protein content and protein yield of dried extracts were calculated as follows: 185 (%) = ℎ × 5.7 ℎ × 100 186 (%) = × 100 187
SDS-PAGE of samples and protein isolates 188
To identify the sub-units of water-insoluble proteins present in the original samples, 189 they were extracted sequentially according to Singh, Shepherd and Cornish (1991) . were estimated using Novex Sharp pre-stained protein standards (Invitrogen, UK). 207
The protein fractions extracted after aqueous-ethanol and alkaline-ethanol treatments 208 of the samples were also separated based on their molecular weights using an XCell 209 SurelockTM unit (Invitrogen, UK) according to the protocol provided by the supplier. 210
Specifically, protein samples were reduced by treatment with NuPAGE LDS buffer 211 and reducing agent (dithiothreitol) at 70 °C for 10 min. Electrophoresis was 212 performed as described above. 213
Amino acid analysis 214
The original solid samples as well as lyophilized protein extracts (10 mg) were 215 neutralised and derivatised using the EZ-Faast amino acid derivatisation kit 218 (Phenomenex, UK). The kit is based on a solid-phase extraction that binds amino 219 acids and enables the derivatisation in aqueous solution of both the amine and 220 carboxylic groups of amino acids at room temperature. Amino acid profiles were 221 determined using a Gas Chromatography-Mass Spectrometry instrument (Agilent 222 6890/5975) as described by Elmore, Koutsidis, Dodson, Mottram & Wedzicha (2005) . 223
Norvaline was used as internal standard and detected amino acids were quantified 224 according to standard solutions supplied by the manufacturer. Methionine, cysteine 225 and tryptophan were not detected as they were degraded by acid hydrolysis. 226
Thermogravimetric analysis (TGA) 227
TGA analysis was carried out on the protein extracts using a Thermogravimetric 228 The compositions of DDGS, wet solids and spent solids are shown in Table 1 with the small differences probably resulting from differences in the processes used 247 between different plants, seasonal variation in the harvested wheat, and a different N-248 to-protein conversion factor (6.25 over 5.7). The lipid content was similar in DDGS 249 (3.4% db) and wet solids (2.9% db) but significantly higher (P<0.05) in spent solids 250 (5.4%, db). Low concentrations of starch were detected in all samples (1.4-2.6%, db). 251
In terms of the non-starch carbohydrate content, the values for cellulose and 252 hemicellulose (Table 1) (Shewry, 1999) . Reducing 340 agents are typically used to improve protein extraction, as they reduce the disulphide 341 bonds present both within (intra-chain) and between (inter-chain) gluten protein 342 subunits (Shewry & Tatham, 1997) . Dithiothreitol (DDT) and β-mercaptoethanol (β-343 ME) are most widely utilised for this purpose. However, these chemicals are not 344 suitable for commercial production because of their toxicity. Alternatively, sodium 345 metabisulfite is a preferable reducing agent, as it is food grade and has lower toxicity 346
and odour compared to other reducing agents ( The second set of extraction experiments was carried out using an alkaline-aqueous 386 ethanol solution at 70 o C and a reducing agent concentration of 1.0%, as these were 387
shown from the previous experiments to be the optimal conditions for extraction. 388
Alkalis and acids can partially hydrolyse protein molecules into smaller peptide 389 fragments, which typically increases their solubility and extractability. In these 390 experiments, the proteins were extracted with 45% or 70% (v/v) aqueous ethanol in 391 the presence of 0.05M or 0.1M of NaOH. As shown in Table 2 Moreover, the mass balances for the principal components (i.e. protein and 455 carbohydrates) were calculated. It should be noted that because the current study 456 focused on the extraction of water-insoluble proteins, the contents of gliadins and 457 glutenins determined by Osborne analysis (Fig 1) were taken into account for 458 calculating the protein mass balance. Based on the data in Table 1 
